INTRODUCTION
============

Complete removal of intracranial gliomas remains a challenge for many neurosurgeons. Maximum safe resection is important not only for low-grade gliomas but also for high-grade gliomas that improve progression-free survival and overall survival as well as the efficacy of adjuvant therapy \[[@B1][@B2][@B3][@B4][@B5][@B6]\]. However, the invasive and vague tumor margins of glioma make it difficult to achieve complete resection. Over the years, efforts to develop new tools for visualization of malignant brain tumors have come to fruition. One of them is fluorescence-guided surgery (FGS) using 5-aminolevulinic acid (5-ALA), which has become widely used in glioma surgery worldwide \[[@B7][@B8][@B9][@B10]\]. 5-ALA causes transient accumulation of fluorescent protoporphyrin IX (PpIX) in malignant cells through alteration of heme biosynthetic pathway \[[@B10][@B11]\]. Cumulative PpIX enables intraoperative visualization of malignant tissue under a microscope with a long pass filter \[[@B12]\].

Numerous studies reported safety and usefulness of 5-ALA FGS in glioblastomas \[[@B13]\]. Although the efficacy of 5-ALA FGS has been reported in other types of gliomas, the fluorescence pattern is not as uniform as glioblastoma \[[@B14][@B15][@B16]\]. In low grade gliomas, 5-ALA fluorescence is absent in most cases but not all cases \[[@B17]\]. In addition, there is intratumoral heterogeneity of the fluorescence pattern \[[@B18]\]. In this study, we report our extensive experience with FGS in various gliomas, focusing on the epidemiological data of fluorescence patterns and their impact on the extent of resection.

MATERIALS AND METHODS
=====================

A total of 827 histologically proven glioma patients out of 900 brain tumor patients who had undergone FGS using 5-ALA during the period of 8.5 years between July 2010 and January 2019 were analyzed. The 900 FGS for brain tumor is 15.8% of all adult brain tumor surgeries (n=5,682) performed in Seoul National University Hospital, and FGS was applied to 50.8% of all glioma surgeries (n=1,629) during the same period.

The indication for FGS in glioma surgery was that preoperative MRI has the potential for high-grade glioma foci such as diffusion restriction, increased cerebral blood volume, and enhancement. On the other hand, FGS was not considered in the absence of radiological evidence such as high grade lesions, the need for awake-surgery (owing to facial photosensitivity in operation theater atmosphere), heart problems with complications, and poor medical condition such as liver or kidney failures. We did not used 5-ALA for the stereotactic or navigational biopsies even if the impression of tumor was high grade glioma. The patients\' age ranged from 16 to 84 years (mean 50 years). This study was approved for retrospective analysis by Institutional Review Board of Seoul National University Hospital (IRB No: 1905-093-1034).

All the patients were administered 20 mg/kg of 5-ALA (Gliolan®; Medac, Wedel, Germany) mixed with 50 mL of water 3 to 4 hours before the induction of general anesthesia. Fluorescence-guided surgeries were done with a Leica M720 OH5 microscope (Leica, Wetzlar, Germany) equipped with an FL400 Fluorescence module (Leica, Wetzlar, Germany) or a Zeiss Pentero equipped with a fluorescent 400 nm UV light and filters (Zeiss, Oberkochen, Germany). Regarding to the fluorescence intensity of the tumor, optical judgement was made during the surgery and recorded classifying red for "strong" intensity, pink for "weak" intensity, and blue for "no" fluorescence. Post hoc evaluation was performed using operative pictures and videos for those ambiguous cases.

In all patients, preoperative MRI was performed the day before surgery, and postoperative MRI was performed within 48 hours after surgery to compare the extent of resection. Complete resection was judged if there are no measurable lesions by postoperative MRI. A measurable lesion is defined as a contrast-enhancing lesion with maximal diameter and second perpendicular measurement at least 10 mm in size. Non-enhancing flair lesions on postoperative MRI were considered residual tumors if the surgeon\'s opinion indicated that the resection was incomplete.

RESULTS
=======

Distribution of histological diagnosis of 900 brain tumor patients including 827 gliomas who had undergone FGS are summarized in [Fig. 1A](#F1){ref-type="fig"}. Among the 827 gliomas, the number of cases corresponding to 2016 World Health Organization (WHO) grade IV, III, II, and I were 528 (58.7%), 193 (21.4%), 87 (9.7%) and 19 (2.1%), respectively. The distribution of detailed histological subtypes is described in [Table 1](#T1){ref-type="table"}.

The fluorescence intensity showed differences in grades ([Fig. 1B](#F1){ref-type="fig"}). Grade IV gliomas showed positive fluorescence in 95.4% of cases including strong intensity in 85.6%. Grade III gliomas showed fluorescence in about half (55%) of cases, but 45% of cases showed no fluorescence. Interestingly, grade II and I gliomas likewise showed positive fluorescence in about one quarter of cases (24.1% and 26.3%).

Grade IV gliomas
----------------

Of the 502 glioblastomas, 96% (n=482) cases were positive for fluorescence, and most showed strong red fluorescence (n=434, 86.5%) ([Fig. 2A](#F2){ref-type="fig"}). There were 20 cases (3.9%) of glioblastoma without any fluorescence. These 20 fluorescence negative glioblastomas did not exhibit any common radiological characteristics that could predict intraoperative 5-ALA fluorescence. Five cases had no enhancement on pre-operative MRI, but the other 15 cases showed strong enhancement ([Fig. 2B](#F2){ref-type="fig"}). In some cases, the assumptions that limit the visibility of fluorescence include overtime (failure to match fluorescence time window), overweight of patient (dose insufficiency), hyper-vascularity (poor visibility of operation field), and extensive necrosis ([Fig 2B](#F2){ref-type="fig"}). Complete resection could be achieved in 89.6% of cases showing fluorescence positive (432/482 patients), but only 75.0% of fluorescence negative cases (15/20 cases) succeeded in complete resection ([Fig. 2A](#F2){ref-type="fig"}). There was a significant difference in the complete resection rate according to fluorescence positive (*p*=0.042). Of the 55 cases that could not be completely removed, 50 were fluorescence positive. The reasons for incomplete excision despite positive fluorescence most often include eloquent location and extensive nature of tumor (n=37). Other miscellaneous reasons are multifocality of tumor, hypervascularity, inadequate surgical window, and critical vessel attachment.

A total of 14 gliosarcomas were registered in this series. All gliosarcoma cases, including 12 (85.7%) strong fluorescence and 2 (14.3%) weak fluorescence showed positive fluorescence. All cases were successfully resected completely, except for one case where the surgical window had a problem.

Diffuse midline glioma, recently raised a relatively novel disease entity, are identified in 12 cases. Fluorescence positivity was 66.7% (n=8), including 6 strong and 2 weak ([Fig. 2A](#F2){ref-type="fig"}). Of these eight fluorescence positive cases, two cases were incompletely resected due to extensive and eloquent location ([Fig. 2A](#F2){ref-type="fig"}).

Grade III gliomas
-----------------

Among the 193 grade III gliomas, anaplastic astrocytoma covered 53.8% (n=104) followed by anaplastic oligodendroglioma (37.3%, n=72), anaplastic ependymoma (5.7%, n=11), anaplastic ganglioglioma (2.1%, n=4), and other 2 miscellaneous tumors. Anaplastic astrocytoma showed positive fluorescence in 46.2% of cases (n=48) including strong fluorescence in 26.0% (n=27), and weak fluorescence in 20.2% (n=21) ([Fig. 3](#F3){ref-type="fig"}). More than half of anaplastic astrocytoma cases showed no fluorescent (53.8%, n=56). In terms of complete resection rate, there was insignificant difference (*p*=0.695) between anaplastic astrocytomas with fluorescence (83.3%) and without fluorescence (80.4%). Most of the reasons for incomplete excision in grade III astrocytomas, with or without fluorescence, have been the involvement of extensive nature and/or eloquent areas.

Compared to anaplastic astrocytoma (46.2%), there were more fluorescence cases positive for anaplastic oligodendroglioma (63.9%, n=46). Among them, 26.4% (n=19) anaplastic oligodendroglioma showed strong fluorescence and 37.5% (n=27) showed weak fluorescence ([Fig. 3](#F3){ref-type="fig"}). Twenty-six cases (36.1%) of anaplastic oligodendrogliomas still showed no fluorescence. Similar to anaplastic astrocytomas, the complete resection rate of anaplastic oligodendroglioma was not significantly different by fluorescence (91.3% without fluorescence, vs. 88.5% without fluorescence). The reason for incomplete resection is almost always due to the extensive nature of the tumor.

Of the 11 cases of anaplastic ependymoma, there was strong fluorescence in 5 cases, weak fluorescence in 3 cases, and the other 3 cases showed no fluorescence ([Fig. 3](#F3){ref-type="fig"}). All undifferentiated ependymomas, except for one broad tumor without fluorescence, could be completely resected. There were 4 cases of anaplastic gangliogliomas, 2 of which showed strong fluorescence, while the other 2 cases showed no fluorescence ([Fig. 3](#F3){ref-type="fig"}). We also experienced each of case of a gliomatosis cerebri and a glioneuronal tumor which were correspondent to WHO grade III with weak fluorescence.

Grade II gliomas
----------------

Of the 87 grade II gliomas, oligodendrogliomas (57.5%, n=50) accounted for the majority ([Fig. 4](#F4){ref-type="fig"}). This is because many oligodendrogliomas have enhanced or high blood volume areas that may be interpreted as malignant lesions in preoperative MRI, which leads to the determination of FGS. As expected, most oligodendrogliomas showed no fluorescence (82.0%). However, there were 9 fluorescence positive cases (18.0%) including 2 strong intensity cases (4.0%). Ironically, complete resection rate was significantly superior in fluorescence-negative group (92.7%) to fluorescence-positive group (66.7%, *p*=0.03). The incompletely resected oligodendrogliomas were mainly extensive tumors.

A total of 20 cases of astrocytomas harboring diffuse astrocytomas or oligoastrocytomas were included in this series ([Fig. 4](#F4){ref-type="fig"}). All other 18 cases showed no fluorescence, except for 2 cases with focal fluorescence. Complete resection could be achieved in 15 cases including those fluorescence positive cases. The reasons for incomplete resection in 4 fluorescence negative cases were extensive nature in 3 cases and eloquent area involvement in 2 cases.

We have experienced 9 cases of neurocytomas including 3 cases of central neurocytoma and 6 cases of extraventricular neurocytoma ([Fig. 4](#F4){ref-type="fig"}). Only one of each case of central neurocytoma and extraventricular neurocytoma exhibited weak and strong fluorescence respectively. Unexpectedly, all 7 cases of ependymomas in this series showed positive fluorescence showing strong intensity in 4 cases and weak intensity in 3 cases ([Fig. 4](#F4){ref-type="fig"}). We also experienced a case of pleomorphic xanthoastrocytoma which showed strong fluorescence positivity.

Grade I glioma
--------------

Notably, WHO grade I gliomas also showed fluorescence in 5 out of 9 pilocytic astrocytomas including 3 strong and 2 weak intensities ([Fig. 4](#F4){ref-type="fig"}). All the pilocytic astrocytomas could be resected completely regardless to fluorescence positivity. However, other WHO grade I gliomas such as gangliogliomas (5 cases), dysembryoplastic neuroepithelial tumors (3 cases), choroid plexus papilloma (1 case), and papillary glioneuronal tumor (1 case) showed no fluorescence.

DISCUSSION
==========

In this study we used the 2016 WHO Classification of Tumors of the Central Nervous System for the diagnosis and included not only gliomas but also minor number of nonpure glioma pathologies such as neuronal and neuronal-glial tumors and choroid plexus tumors. To simplify the classification, subheadings of the genetic signature or NOS are omitted. We left the diagnosis of Glioneuronal tumor grade III, which is not a part of official WHO classification, due to its ambiguity of histology and genetic signatures.

5-ALA induced fluorescence provides the neurosurgeon with real-time information that can distinguish malignant tissue from normal tissue during surgery. Furthermore, FGS allows more extensive resection than neural navigation-guided surgery, as 5-ALA-induced fluorescence appears to the tumor infiltration area \[[@B19][@B20][@B21]\]. As a result, it leads to better results by improving the complete resection rate and overall patient survival in glioblastoma \[[@B22][@B23][@B24]\]. Our data also demonstrated the significantly higher complete resection rate in FGS with fluorescence compared with than those without fluorescence in glioblastomas.

Unlike glioblastoma, there were variable results about fluorescence rate in WHO grade III gliomas. Especially, fluorescence rate was substantially different between anaplastic astrocytoma and anaplastic oligodendroglioma despite the same WHO grade (46.2% in anaplastic astrocytoma and 63.9% in anaplastic oligodendroglioma). Our previous study suggested that 5-ALA-induced fluorescence is associated with *IDH1* mutation in WHO grade III gliomas \[[@B25]\]. Since heme synthesis pathway of *mutant IDH1* glioma lags behind *wild-type IDH1* glioma, *mutant IDH1* glioma has stronger fluorescence than *wild-type IDH1* glioma due to slowness of the 5-ALA metabolic pathway \[[@B25][@B26]\]. It is true that there are more *mutant IDH1* type in anaplastic oligodendroglioma than anaplastic astrocytomas. Thus, it is presumed that the incidence of *IDH* mutational status might have affected the positive fluorescence rate.

Intraoperative fluorescence is affected by several other factors. Fluorescence does not appear in necrotic tissue. Therefore, as is common with glioblastoma, if the tumor has extensive necrosis, it is not fluorescent. Hypervascularity in high-grade gliomas also makes it difficult to detect fluorescence during surgery because of hemorrhage. Moreover, the fluorescence is influenced by extra-tumor factors. It is known that fluorescence intensity is maximum after 4 to 9 hours of oral administration of 5-ALA, and then it gradually reduces for 20 hours \[[@B27][@B28]\]. In our experience, there was one glioblastoma case which failed to visualize of fluorescence due to failure of adjusting surgical time window. Also, there was a case that had excessive body weight that did not show visible fluorescence, due to the insufficient dose of 5-ALA \[[@B29]\].

Unlike high-grade gliomas, 5-ALA-induced fluorescence plays a lesser role in the removal of low-grade gliomas. Recently, using a fiber-optic probe to measure PpIX, a solution has been reported that can identify low-grade gliomas that do not fluoresce during surgery \[[@B21][@B30][@B31]\]. However, under current standard microscopes, only 10--20% low grade gliomas showed visible fluorescence \[[@B17][@B32][@B33]\]. The papers reported sporadically the positivity of fluorescence in some low grade gliomas, including ependymoma, oligodendroglioma, and pleomorphic xanthoastrocytoma \[[@B34][@B35]\]. In our experience, pilocytic astrocytoma of WHO grade I showed high rate of positive fluorescence (5 out of 9 cases). And we could observe fluorescence positivity in WHO grade II gliomas including pleomorphic xanthoastrocytoma, ependymoma, oligodendroglioma, extra ventricular neurocytoma, and diffuse astrocytoma. The clinical significance of these fluorescence-positive low-grade gliomas should be further evaluated. The fluorescence in tumor cells have a correlation with an increased proliferation rate and anaplasia parameters \[[@B21][@B33][@B36][@B37]\]. In addition, patients with low grade glioma fluorescence have been reported to have shorter overall survival and shorter periods of malignant transformation than patients without fluorescence \[[@B38]\]. Although the fluorescence induced by 5-ALA in low-grade glioma does not have a significant effect on the complete resection as in high grade glioma, the fluorescent area in low-grade glioma are helpful to get tissues for accurate diagnosis and to avoid histological downgrading.

In conclusion, this broad epidemiological data of 5-ALA fluorescence in various grades of glioma provides a basic reference to the clinical application of FGS using 5-ALA in glioma surgery. And FGS\'s experience with rare gliomas will extend future knowledge and research insights.
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![A: Distribution of histological diagnosis of 900 fluorescence-guided surgery cases including 827 gliomas. Experience of other 73 non-glioma cases (gray text) are described in the other paper in this issue (Experience profiling of fluorescence-guided surgery II: non-glioma pathologies). Numbers in diagram indicate number of cases. B: Distribution of fluorescence intensity of 827 gliomas classified by World Health Organization (WHO) grade. GBM, glioblastoma; AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; AE, anaplastic ependymoma; ODG, oligodendroglioma; A, astrocytoma; EPN, ependymoma; PXA, pleomorphic xanthoastrocytoma; Gr, grade. Tx: treatment, SFT: solitary fibrous tumor, HPC: hemangiopericytoma.](btrt-7-98-g001){#F1}

![A: Distribution of fluorescence intensity and complete resection rate of World Health Organization (WHO) grade IV gliomas. Numbers in glioblastoma indicate number of cases, while a single cubic unit in gliosarcoma and diffuse midline glioma denotes individual case. B: Radiological characteristics of 20 glioblastoma cases which showed no fluorescence. Among them, 5 cases showed no enhancement (NE) and represented with T2-weighted MRIs, and the other 15 cases showed strong enhancement in T1-weighted MRIs.](btrt-7-98-g002){#F2}

![Distribution of fluorescence intensity and complete resection rate of World Health Organization (WHO) grade III gliomas. Numbers in anaplastic astrocytoma and anaplastic oligodendroglioma indicate number of cases, while a single cubic unit in anaplastic ependymoma and anaplastic ganglioglioma denotes individual case.](btrt-7-98-g003){#F3}

![Distribution of fluorescence intensity and complete resection rate of World Health Organization (WHO) grade II and I gliomas. Numbers in oligodendroglioma indicate number of cases, while a single cubic unit in other tumors denotes individual case.](btrt-7-98-g004){#F4}

###### Characteristics of the WHO grade of gliomas and their histological subtypes
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